In sneutrino hybrid inflation the superpartner of one of the right-handed neutrinos involved in the seesaw mechanism plays the role of the inflaton field. It obtains its large mass after the "waterfall" phase transition which ends hybrid inflation. After this phase transition the oscillations of the sneutrino inflaton field may dominate the universe and efficiently produce the baryon asymmetry of the universe via nonthermal leptogenesis. We investigate the conditions under which inflation, with primordial perturbations in accordance with the latest WMAP results, as well as successful nonthermal leptogenesis can be realized simultaneously within the sneutrino hybrid inflation scenario. We point out which requirements successful inflation and leptogenesis impose on the seesaw parameters, i.e. on the Yukawa couplings and the mass of the right-handed (s)neutrino, and derive the predictions for the CMB observables in terms of the right-handed (s)neutrino mass and the other relevant model parameters.
Introduction
The paradigm of cosmic inflation [1, 2, 3] (for recent reviews see e.g. [4, 5] ) has proven very successful in resolving the flatness and horizon problems of the early universe and in explaining the absence of relics from early phase transitions. However, the connection to particle physics is still unclear. One possibility to establish such a connection is provided by sneutrino hybrid inflation [12] , where the superpartner of one of the righthanded neutrinos involved in the seesaw mechanism [7] plays the role of the inflaton field. In sneutrino hybrid inflation, a large vacuum energy density is present which drives inflation and the sneutrino direction in field space has an almost flat potential suitable for slow-roll inflation. The right-handed (s)neutrinos obtain their large masses after the "waterfall" phase transition which ends hybrid inflation. Inflation in this scenario is closely linked to the physics generating the small neutrino masses via the seesaw mechanism.
Another attractive connection between the seesaw mechanism and early universe cosmology is the possibility of generating the observed baryon asymmetry of the universe via the out-of-equilibrium decays of the right-handed (s)neutrinos in leptogenesis [6] (for recent reviews see [8, 9] ). For calculating the produced baryon asymmetry, the knowledge of the phase of (p)reheating after inflation is in general mandatory, since it may lead to the nonthermal production of right-handed (s)neutrinos and since it determines the reheat temperature, which in turn governs the possibility of thermal (s)neutrino production. In most inflation models the nonthermal (s)neutrino production must arise from the decays of the inflaton field. In sneutrino hybrid inflation, on the other hand, the inflaton itself is a right-handed sneutrino, which means that this intermediate step is skipped and the sneutrino inflaton field after inflation may directly dominate the universe and, when it decays, most efficiently produce the baryon asymmetry and reheat the universe.
In previous works, leptogenesis after sneutrino inflation has been studied in the context of chaotic sneutrino inflation [10, 11] which however requires a quite heavy sneutrino with a mass of about 10 13 GeV and correspondingly very small Yukawa couplings in order to realize a low reheat temperature as suggested by gravitino and similar constraints in supersymmetric cosmology. Furthermore, chaotic sneutrino inflation with a quadratic potential for the inflaton gives rise to a comparatively large tensor-to-scalar ratio of r ∼ 0.16. On the other hand, sneutrino hybrid inflation [12] , as typical for hybrid-type inflation scenarios [13, 14, 15, 16] , predicts a much smaller ratio r 0.01 and is thus clearly distinguishable from chaotic sneutrino inflation by future observations (e.g. by the Planck satellite). Recently, it has been shown that sneutrino hybrid inflation [12] belongs to a wider class of hybrid-like inflation models, dubbed "tribrid inflation" in [17] , which are very suitable for being embedded into supergravity (SUGRA) theories with the SUGRA η-problem solved by either a shift symmetry 1 [21] or a Heisenberg symmetry [22] in the Kähler potential. While the sneutrino was a gauge singlet in [12] , it has been demonstrated in [23] that it may be embedded into a
Grand Unified Theory (GUT) representation, e.g. into a 16-plet of SO(10), establishing a possible link between sneutrino hybrid inflation and left-right symmetric GUTs.
Nonthermal leptogenesis after sneutrino hybrid inflation, on the other hand, was only briefly discussed in [12] for an example set of model parameters.
In this paper, we therefore investigate in detail the conditions under which inflation, with primordial perturbations in accordance with the latest WMAP results, as well as successful nonthermal leptogenesis can be realized simultaneously within the sneutrino hybrid inflation scenario. We point out which requirements successful inflation and leptogenesis impose on the seesaw parameters, i.e. on the Yukawa couplings and the mass of the right-handed (s)neutrino, and derive the predictions for the CMB observables in terms of the right-handed (s)neutrino mass and the other relevant model parameters.
Our results are meant as a guideline for the construction of explicit particle physics models incorporating sneutrino hybrid inflation and baryogenesis via nonthermal leptogenesis.
The paper is organized as follows: In section 2 we introduce the sneutrino hybrid inflation scenario in a simple setup. Section 3 is dedicated to the inflationary phase and the predictions for the CMB observables. In section 4 we discusses the reheating of the universe after inflation and the production of the baryon asymmetry of the universe via nonthermal leptogenesis. We conclude in section 5 by combining our results from inflation and leptogenesis to highlight the preferred ranges of the model parameters.
Framework
We will discuss sneutrino hybrid inflation and subsequent baryogenesis via nonthermal leptogenesis in an extension of the minimal supersymmetric standard model (MSSM) 1 In the context of chaotic inflation, shift symmetry has been used e.g. in [18, 19, 20] .
with conserved R-parity, where three additional right-handed (s)neutrinos acquire large masses after the "waterfall" phase transition ending inflation. The superpotential defining our framework is given by H andŜ are two additional gauge singlet superfields. Here the canonically normalized real part H of the scalar component ofĤ is the so-called "waterfall" field responsible for ending inflation. The F-term ofŜ, the so-called "driving superfield", provides the large vacuum energy density that drives inflation. The scalar component ofŜ is fixed at zero during inflation by SUGRA corrections (cf. section 3.3) and does not affect the inflationary dynamics. Furthermore, we assume λ ii and κ to be real coupling parameters for simplicity.
The form of the superpotential Eq. (1) is motivated as follows: The latter two terms generate the scalar potential suitable for inflation. In the false vacuum with large values of N i and H stabilized at zero, the large vacuum energy V 0 = κ 2 M 4 drives the quasiexponential growth of the scale factor in inflation. Once the slow-rolling fields N i fall below a critical value, the negative contribution to the squared mass of H from the term κŜ (Ĥ 2 − M 2 ) starts dominating over the positive contribution from the terms
Therefore, H becomes tachyonic which triggers the "waterfall" ending inflation as H acquires a non-zero vacuum expectation value (vev).
After inflation, close to the global minimum of the potential where N i ≈ 0 and H ≈ √ 2 M and where the large vacuum energy contribution vanishes, the fields N i and H perform damped oscillations accounting for a matter dominated universe. The 2 At this point we will assume that inflation proceeds along the imaginary direction of the complex scalar sneutrino field. We will see later that this can be obtained by a shift symmetry in the Kähler potential, which protects this direction against the SUGRA η-problem as was demonstrated in [21] . field which decays last and finally dominates the universe is generically the right-handed sneutrino with the smallest mass and smallest Yukawa couplings, since it only decays via the second term in Eq. (1) proportional to (y ν ) ij . This decay reheats the universe which thus enters its radiation dominated epoch. For illustration, we have plotted a typical scalar potential resulting from the scenario described above in Fig. 1 . For further details see e.g. Ref. [21] .
The first three terms in Eq. (1) describe the MSSM with masses for the additional right-handed neutrinos generated after inflation. In particular the term
generates mass terms for the heavy (s)neutrinos as H acquires its non-zero vev. The vev of H in the true minimum is governed by the fourth term in Eq. (1). In a realistic scenario, we would expect inflation to end by a phase transition, i.e. the H field to be a non-singlet under some symmetry group 3 . A realization within the context of GUTs can be found in Ref. [23] , and the idea of relating the "waterfall" of hybrid inflation to the breaking of a family symmetry was discussed in Ref. [24] . For simplicity, we keepĤ a gauge singlet here. Finally, the ellipsis represent possible higher dimensional operators. We note that a superpotential of the form given in Eq. (1) can be realized in an explicit model with discrete symmetries, as has been shown in [21, 23] . These discrete symmetries distinguish between the gauge singlet fields of Eq. (1).
3 In this case, the termsĤ 2 might be replaced by a different combination of fields, i.e. byĤ 1Ĥ2 , in order to form a singlet under the symmetry group. The symmetry could, e.g., be a unifying gauge symmetry or a family symmetry.
The parameters which appear in Eq. (1), and which govern our framework, can be understood as follows:
• The phase transition scale M is the vev of the scalar component of theĤ superfield after the phase transition ending inflation and is the mass scale relevant for inflation.
• The parameter λ 11 determines the seesaw scale which corresponds to the mass of the lightest right-handed neutrino m N 1 = 2
in the true vacuum of the theory.
• The vacuum energy parameter κ fixes the the vacuum energy density
with regard to the phase transition scale.
• The effective Yukawa couplingỹ 1 ≡ (y ν y † ν ) 11 is linked to the light neutrino masses.
We will be working in a SUGRA framework with SUGRA corrections stabilizing the scalar components ofŜ,L andĥ during inflation and with a symmetry in the Kähler potential that guarantees tree-level flat N i directions. This solves the η-problem of SUGRA inflation. The details of such a SUGRA framework are discussed in section 3.3.
However, to illustrate the underlying physics more clearly we first focus on a global supersymmetry (SUSY) model and take the features mentioned above for granted.
In order to produce the CP-violation necessary for leptogenesis we work with three (s)neutrino generations. Assuming that the right-handed neutrinos are strongly hierarchical, i.e. one of them is significantly lighter than the other two, the scalar components of the latter superfields can be stabilized at their minima before the final 60 e-folds of inflation begin. Thus the time evolution of the lightest sneutrino controls the relevant slow-roll dynamics and it can therefore be identified as the inflaton. On the other hand, the outcome of leptogenesis is governed by the sneutrino with the smallest decay rate.
This implies a comparatively small mass and small Yukawa couplings. In the following, we shall concentrate on the case where the lightest sneutrino drives both inflation and leptogenesis. Hence, the three generation model can be simplified to an effective one generation model in the right-handed neutrino sector, with the only remnant of the other two generations being a non-vanishing CP-asymmetry necessary for leptogenesis.
We can thus concentrate on i = 1 in Eqs. (1) and we denote the relevant inflaton direction by N ≡ N 1 and the respective coupling constant by λ ≡ λ 11 .
Inflation
Based on the framework described in the previous section, we now have a closer look at the inflationary dynamics in our model. Furthermore, we derive restrictions on the model parameters from the requirement of successful inflation and the latest observational data. We start with a short introduction to slow-roll inflation and then discuss a realization of the model of section 2 in a globally supersymmetric context. We then refine this discussion by including SUGRA effects and close the section by listing the inflationary predictions from our model and comparing them to the latest observational data.
Short Overview
A common way to realize inflation is the so-called slow-roll paradigm, where a classical scalar field with a strong dominance of its potential energy over its kinetic energy V L kin drives the accelerated expansion of the universe. At the same time, the quantum fluctuations of the inflaton field can account for the metric perturbations which give rise to the small scale CMB anisotropies. Inflation ends when the slow-roll conditions are violated, i.e. when the slow-roll parameters parameterizing the scalar potential and its derivatives
become of order one. Here, a prime denotes derivative w.r.t. the inflaton field N .
In the slow-roll approximation, when 1, |η| 1 and ξ 2 1, the equation of motion of a homogeneous (classical) scalar field
simplifies to
Here H denotes the Hubble expansion parameter.
Models of inflation typically predict the power spectra of the gauge invariant scalar and tensor perturbations at the time when the relevant fluctuations exited the horizon,
roughly N e 50 − 70 e-folds before the end of inflation. The amplitude of the scalar perturbations ∆ 2 s , the scalar spectral index n s , the running of the scalar spectral index α s , the tensor-to-scalar ratio r and the tensor spectral index n t can be estimated in terms of the potential and the slow-roll parameters [4] as
where these expressions have to be evaluated at the field value N = N (N e ) when the relevant scales leave the horizon. This value can be computed from Eq. (4).
In order to test our model against observations, we compare the predictions from
Eqs. (5) to the experimental data obtained from the 7 year WMAP survey combined with measurements of the baryon acoustic oscillations (BAO) [25] and measurements of the present value of the Hubble parameter H 0 [26] using the six parameter ΛCDM fit [27] , which are given by
Realization in Global Supersymmetry
In the model described in section 2, we assumed a symmetry in the Kähler potential guaranteeing a flat N direction (imaginary direction of the scalar component ofN 1 ) at tree-level (see also section 3.3). Thus loop corrections must be taken into account and these can indeed generate a small slope as required for slow-roll inflation. According to [28] , the Coleman-Weinberg one-loop effective potential is given by
with M denoting the mass matrix of the theory and Q a renormalization scale. The N -dependent bosonic and fermionic mass terms generating a slope for the inflaton via the loop potential can be calculated from the scalar F-term potential
and the fermionic mass matrix
Φ i denote the superfields of the theory, Φ i the respective scalar components. The relevant (i.e. N -dependent) contributions to the loop potential are give by theĤ,L j andĥ mass terms
Note that theL j andĥ terms in the supertrace vanish since the degeneracy in the respective fermionic and bosonic masses leads to a cancellation of these contributions.
Embedding this model in SUGRA provides the necessary stabilization of the scalar components of theL j andĥ superfields during inflation and removes this degeneracy.
However in the parameter range of interest, the contribution of theL j andĥ terms to the loop potential turn out to be negligible (see also section 3.3). In the following, we fix the renormalization scale to Q = √ 2 κ M , which is the order of magnitude of the SUSY breaking scale. In our model, inflation ends when the H-field destabilizes at the critical value N c characterized by m (S)
We can now determine the observables describing the CMB fluctuations given by Eqs. (5), thus obtaining expressions depending on the phase transition scale M , the seesaw scale m N ∼ λ and the vacuum energy parameter κ. With x as defined above, a
Taylor expansion in 1/x (with 1/x < 1 because N > N c during inflation) yields
Inserting this into the equation of motion Eq. (4), with H approximately constant, gives the value for N at N e-folds before the end of inflation:
With this, the inflationary predictions of Eqs. (5) are given by
Embedding in Supergravity
We next consider a possible embedding of our model in SUGRA. We focus on a Kähler potential with the η-problem [15, 29] resolved by a shift symmetry [21] in the inflaton
The Kähler potential can be seen as a general expansion in the superfields of the theory with the additional feature of a shift symmetry which guarantees tree-level flat directions for the imaginary parts of the scalar components ofN i and thus possible inflaton directions. The N -dependent mass terms generating a slope for the inflaton via the loop potential can be calculated from the scalar F-term potential and the fermionic mass matrix as before by
The relevant contributions to the loop potential are given by theĤ,L j andĥ mass terms which now obtain SUGRA corrections:
Comparing these expressions to the mass terms calculated in section 3.2 we note some important points. A second mass scale, the scale of the SUGRA mass splitting κM 2 /M P , has appeared. However this scale is much smaller than the SUSY mass splitting scale √ 2 κ M and thus we shall keep the latter scale as the renormalization scale. The additional mass splitting implies that theĥ andL j contributions no longer cancel. However since the mass splitting is small compared to the SUSY mass splitting appearing in theĤ mass terms and since the remaining parts of theĥ andL j mass terms are proportional to |(y ν ) 1j | these additional contributions to the loop potential are negligible forỹ 1 < 10 −2 . We will see later that this easily holds in our model.
Furthermore, a new parameter has appeared in the loop potential:
• The SUGRA correction parameter κ SH controls the SUGRA corrections to the loop potential. κ SH = 1 recovers the phenomenology of global SUSY.
Predictions
As in the globally supersymmetric case, predictions for observables describing the CMB spectrum can now be obtained by solving Eq. (4) and evaluating Eqs. (5) at the time when the CMB fluctuations exited the horizon. In the SUGRA scenario, this was done numerically for N e = 60. Fixing the phase transition scale M by the experimental value for the amplitude of the CMB fluctuations ∆ 2 s , the behavior of the spectral index n s , its running α s and the tensor-to-scalar ratio r is shown in Fig. 2 . Interpreting the results visualized in Fig. 2 and enforcing the experimental bounds of Eqs. (6) implies restrictions on the model parameters.
• The phase transition scale M is fixed to M 0.0032 M P 8 · 10
15 GeV with a slight deviation in the region of large SUGRA corrections. This is consistent with the global SUSY calculation (from Eqs. (14) and (15)) which gives
• The width of the band in Fig. 2 is given by the variation of the vacuum energy parameter κ. A priori we would expect κ to be an O(1) parameter, thus we shall assume 0.5 < κ < 2. In Fig. 2 , larger values of κ are associated with SUGRA corrections becoming relevant at smaller values of m N . In particular the tensorto-scalar ratio r is quite sensitive to κ with κ = 2 leading to comparatively larger r ∼ O(10 −2 ).
• Fig. 2 also demonstrates the effect of the SUGRA correction parameter κ SH .
The respective quantities are marked in black for κ SH − 1 = 0 which corresponds to the globally supersymmetric limit and in blue (red) for κ SH − 1 = −1 (+1) which corresponds to turning on the SUGRA corrections in theĤ mass terms with positive (negative) sign. In the considered SUGRA context the value of κ SH is a priori undetermined. Thus we would in general not expect to find global SUSY restored, which would correspond to κ SH exactly equal to one.
• The second parameter controlling the effect of the SUGRA corrections is the see- 0.98 < n s < 1 ,
Note that in this case Eqs. (15) find the preferred regions 2 · 10 10 GeV m N 7 · 10 12 GeV for κ SH − 1 = +1 and 2 · 10 10 GeV m N 2 · 10 12 GeV for κ SH − 1 = −1, respectively.
5
Motivated by the above results, we take the phase transition scale to be fixed at M 8 · 10 15 GeV and concentrate on the parameter ranges 2 · 10 10 GeV < m N < 7 · 10 12 GeV , 0.5 < κ < 2 ,
in the further discussion. This yields − 0.0004 α s 0.0002 , r 0.015 ,
for the running of the spectral index and the tensor-to-scalar ratio.
Reheating and Leptogenesis
After the end of the inflationary epoch the homogeneous classical fields and their quantum fluctuations evolve according to their respective equations of motion. The universe enters a matter dominated regime until the decay of heavy particles and the thermalization of the light particles result in the total energy density being dominated by radiation (Fig. 3) . This out-of-equilibrium decay of heavy particles can furthermore produce the necessary lepton asymmetry. In the following we will study these processes for the classical fields (reheating) and briefly comment on possible effects originating from their fluctuations (preheating). To this end we will start with the equations of motion for classical scalar fields, justify a simplification to Boltzmann equations and finally derive analytical expressions for the generated baryon asymmetry and the reheat temperature. We finish by commenting on preheating via parametric resonance and tachyonic preheating in this context.
Classical Field Dynamics after Inflation
The equations of motion for the scalar fields can be obtained by adding a phenomenological decay term [30] to Eq. (3) thus giving φ + 3 Hφ + V (φ) + Γφ = 0 with φ = {N, H} .
Adding a Boltzmann equation for the quickly thermalizing 6 ultra-relativistic particles and the Friedmann equation, we arrive at a closed set of differential equations:
with ρ R , ρ N and ρ H denoting the energy densities of the ultra-relativistic particles, the N -field and the H-field respectively with
Having solved Eq. (23)- (26), the lepton number density n L can be calculated from the Boltzmann equationṅ
with the CP-violation per (s)neutrino decay for a hierarchical spectrum of righthanded neutrinos bounded by [33, 34, 35] i < 3 8π
Here v denotes the vacuum expectation value of the up-type Higgs. The lepton asymmetry is typically normalized to the entropy density s = 2π 2 g * T 3 /45 [3] with the effective number of degrees of freedom g * = 915/4 for the MSSM particles. The asymmetry n L /s is transferred to the baryon sector via sphaleron processes
n L where C is a number O(1) depending on the field content of the model and the temperature T sph when the sphalerons leave equilibrium. In the MSSM C ∼ 1/3 [9] . The quantity measured today is η ≡ n B nγ which can be calculated from the results above using the current conversion factor s = 7.04 n γ [3] . The second important physical quantity in the theory of reheating is the temperature of the universe when the universe becomes radiation dominated (Γ N ≈ H), the so-called reheat temperature. It can be calculated from the results above using
Eqs. (23) - (27) assume that both the N -particles and the H-particles decay into ultra-relativistic particles with the respective decay rates Γ N and Γ H . We will now 6 In principle, thermalization in the MSSM could be delayed if MSSM flat directions obtain large vevs (see e.g. [31, 32] ). However in our scenario, this is not the case since only the N direction is protected against large SUGRA corrections.
describe a possibility how to evaluate these quantities in our framework. At the beginning of the reheating phase H Γ N , Γ H holds which implies that the decaying particles are damped predominantly by Hubble expansion, not by decays, and the produced ultra-relativistic particles are strongly diluted. The decays become significant
H }. At this stage it is safe to assume N 1. In this limit the respective decay rates derived from Eq. (1) are
with the sneutrino N decaying directly into lepton and Higgsino or slepton and Higgs and the H particles decaying predominantly into the heaviest fermionic neutrino (assuming this is not strongly suppressed by kinematics) 7 , which then in turn decays into lepton and Higgs or slepton and Higgsino.
Note that the Boltzmann equations (25) and (27) imply a splitting of the total matter energy density ρ M into ρ N and ρ H , which is not straightforward if the respective degrees of freedom are highly coupled. However, since Γ N Γ H in our setting 8 in the preferred region of parameter space (see section 5), any radiation energy density produced by H-decays will be strongly diluted during the following matter dominated phase governed by oscillations of the sneutrino. With ρ M ≈ ρ N shortly after the end of inflation due to the strong damping of the H-field (see below) we can thus substitute (25) and (27) byρ
without introducing a significant error for the finally produced radiation density. The effect of this approximation on the Hubble expansion rate is negligible since the Friedmann equation is predominantly governed by ρ M for t < Γ −1 N . Solving Eqs. (23), (24), (26), (31) and (32) numerically, we obtain the time evolution of scalar fields, the energy densities, the scale factor and the lepton asymmetry, respectively. The former two are displayed in Fig. 3 . The regime of reheating is characterized by oscillating scalar fields and can be divided into distinct phases: After the end of inflation both N and H fall to their true minimum and begin to oscillate. After only a few oscillations the classical field H settles at its minimum and the dynamics of the system is governed by the oscillation of the N field. The further evolution of the N oscillations is governed by Hubble damping. As long as H Γ N the universe is governed by (damped) oscillating scalar fields which can be interpreted as (decaying) heavy particles. This implies a matter dominated universe out of thermal equilibrium. Ultrarelativistic particles are produced through the decays of the heavy particles, however they are diluted by the expansion of the universe. As soon as H ≈ Γ N the radiation energy density becomes dominant and the light particles begin to thermalize. This marks the end of reheating and determines the reheat temperature and the asymmetry n L /s.
Simplified Treatment with Boltzmann Equations
Since the set of equations (23), (24), (26) and (31) is quite involved, a common attempt in the literature (e.g. [36] ) is to simplify these equations by time-averaging the equations of motion of the scalar fields. The result is a set of Boltzmann equations for the matter energy density ρ M = ρ N + ρ H and the radiation energy density ρ R completed by the Friedmann equationρ
The lepton asymmetry is determined by Eq. (32) . The big advantage is that these equations have approximate analytical solutions. However their derivation (see e.g. [36] )
implies an important assumption concerning the scalar potential V (N, H) . In order to rewrite the time-averaged kinetic energy density in terms of the total energy density by exploiting the Virial theorem we must assume that we can write the scalar potential as
Eqs. (33) - (35) are obtained with r = 2. Numerical simulations of the full system (23), (24) , (26), (31) and (32) show that this assumption is not justified in the early oscillation phase in the model described by Eq. (1) since the large oscillations of the N -field result in a highly coupled system with higher orders terms in the scalar potential playing a non-negligible role.
However they do also show that for t ≈ Γ −1 ≈ H −1 the simpler system of differential equations (33) - (35) does give a good approximation. This is the point of time relevant for the predictions of the reheating phase.
Having seen that the results of the numerical solutions to the full field equations for t ≈ Γ −1 can be approximated reasonably well by the simpler set of Boltzmann differential equations, we can now find approximate analytical solutions to the latter and use these expressions to find estimates for the reheat temperature and the produced baryon asymmetry
Combining (36) and (37) reproduces the familiar relation n B /s ∼ T RH /m N (see e.g. [3, 36] ). These results must be compared with existing bounds on the reheating process. The WMAP 7 year data combined with measurements of the baryon acoustic oscillations and todays Hubble parameter imply Additionally, the reheat temperature is bounded from above by the so-called gravitino problem [38, 39, 40, 41, 42] . A high reheat temperature would result in an over-production of gravitinos. If these are stable, then the fact that their energy density can not be larger than the present total energy density of the universe leads to a bound on the reheat temperature in terms of the gravitino mass m 3/2 . On the other hand, if gravitinos are not stable, they can either decay before or during and after the Big Bang Nucleosynthesis (BBN). In the former case (i.e. heavy gravitinos), with R-parity conserved the gravitinos will decay into the lightest supersymmetric particle (LSP) and their production is thus constrained by the dark matter abundance. This yields a fairly model independent bound of T RH < 2 · 10 10 GeV for an LSP mass of about 100 GeV to 150 GeV. In the latter case (i.e. light gravitinos), the decay of the gravitinos would alter the outcome of BBN and create a conflict between BBN predictions and observations. This yields even stronger, however model dependent, constraints on the reheat temperature. Combining these arguments yields a constraint on the reheat temperature of typically T RH < 10 7 − 10 10 GeV, depending mainly on the model under consideration and on the value of m 3/2 . The resulting preferred region in (m N ,ỹ 1 )-parameter space is depicted in blue in Fig. 4 .
Remarks on Preheating
Note that throughout this chapter we have focussed on the evolution of the homogeneous fields N and H. It has been pointed out that under certain circumstances this might not be sufficient, since modes with k = 0 of all fields in the model can be strongly excited at the end of inflation and before the beginning of reheating in a process referred to as preheating. There are two types of preheating worth mentioning in the context of hybrid inflation, namely preheating via parametric resonance [30, 43, 44, 45] and tachyonic preheating [46, 47] . In the former case, the coupling of fermions and bosons to the oscillating inflaton field results in oscillating mass terms for these particles. Solving the respective equations of motion (roughly the equation of an harmonic oscillator with an oscillating mass as described, e.g., by the Mathieu equation) can yield explosive particle production. However, in the region of parameter space of interest to us, any heavy particles that are produced by this mechanism will decay back into heavy (s)neutrinos or into radiation. The radiation produced directly or indirectly through this process at the beginning of the reheating phase will however be strongly diluted during the ongoing matter dominated phase and thus be insignificant for the outcome of the reheating phase. Thus in our model, parametric resonance will not affect the results discussed above, mainly due to the structure of the mass spectrum and the very small effective Yukawa couplingỹ 1 .
Tachyonic preheating occurs when the squared mass of the H field becomes negative, triggering the waterfall ending inflation. Modes of the H field with k < |m
H | grow exponentially 9 , causing particle production of bosonic and fermionic fields coupled to the waterfall field [46] and creating an inhomogeneous field H(x, t) which can cause the formation of topological defects when the waterfall occurs [47] . It was stated in [47] that the production of fermions and bosons coupling to the waterfall field with a coupling strength g is suppressed by ρ B,F /ρ V ∼ 10 −3 g with ρ V denoting the energy density during inflation. Thus in the parameter region of interest, this is negligible in our model. On the other hand, the production of topological defects could indeed dominate the evolution of the universe in an early stage. However, since we have not observed any topological defects yet, a mechanism to prevent or dilute these objects (e.g. a preferred waterfall direction or a slight shift of the potential energy of the discrete vacua) is typically implemented. We will assume that the higher dimensional operators denoted by dots in Eq. (1) provide such a solution so that at some time after the waterfall, the universe is dominated by the lightest right-handed sneutrino. The evolution from this point on is correctly described by the classical theory of reheating, as discussed above. Other possible scenarios in which the evolution of the universe may not be dominated by the homogeneous component of the inflaton field remain to be explored in this context.
Summary and Conclusions: Combining Inflation and Leptogenesis
In sections 3 and 4 we have investigated the conditions under which inflation, with primordial perturbations in accordance with the latest WMAP results, as well as successful leptogenesis can be realized simultaneously in simple models of sneutrino hybrid inflation as outlined in section 2. The combined results are summarized in Fig. 4 .
9 It was pointed out in [48] that in some hybrid inflation models a fragmentation of the inflaton condensate can occur, causing the evolution of the universe to be dominated by these 'lumps' instead of by the homogeneous component of the inflaton field. However this 'lump' formation requires a flatter than φ 2 potential (with φ = {N, H}), which does not appear in our model as can easily be checked from Eq. (8). In summary, we have pointed out that successful sneutrino hybrid inflation and leptogenesis can be achieved in this framework, and that combining both imposes requirements on the parameters of the underlying particle physics model. We obtain a 10 This implies a mass matrix for the left-handed neutrinos (m ν ) ij = −(y T ν M −1 y ν ) ij v 2 /2. 11 For κ SH = −1 the respective region is extended to m N = 2 · 10 12 GeV.
